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ABSTRACT
Current ultimate strength analysis techniques such as the progressive collapse method, originally developed for 
steel naval vessels, assume that stiffened panels making up a hull girder section collapse under compressive load
due to interframe buckling.  However, the possibility of overall grillage collapse must also be considered as an 
ultimate strength failure mode for large high speed craft currently under development and already in service. 
These vessels are designed to operate at high speed and therefore structural weight is a critical design parameter. 
The structure is developed to be lighter and subsequently may be more flexible compared to an equivalent sized 
steel vessel, with the possibility of different response characteristics in overall hull girder bending. In a lightly 
stiffened structure with greater flexibility it is not sufficient to assume the transverse framing remains intact 
during panel buckling, raising the possibility of different modes of failure including overall grillage collapse. 
This paper presents the results from analyses undertaken using a finite element numerical method, which 
calculates representative load shortening curves of tee bar stiffened aluminium panels built from marine grade 
5083-H116 and 6082-T6 aluminium alloy in uniaxial compression. These curves, which assume interframe 
collapse, are then compared to some analyses of biaxially stiffened panels, representative of midbody region
grillages, in order to assess the validity of the interframe collapse assumptions underlying the progressive 
collapse method.
1. INTRODUCTION
The continued growth in size of high speed craft for commercial and naval applications,
combined with the increased operability of these vessels in exposed ocean environments, has 
raised important issues regarding the response of critical structure under primary hull girder 
bending. Furthermore, to increase the speed and payload capacity, a primary design driver for 
such vessels is the minimisation of structural weight. This is often achieved by considering 
alternative structural materials together with efficient detail design of the hull structure.
Therefore, because of its favourable strength to weight ratio compared to steel, marine 
grade aluminium has now become a standard hull structure material for conventional high 
speed vessels. The size of these vessels is increasing, with a number of aluminium ships 
operating in the high speed ferry market now surpassing 100 metres in length. The US Navy 
has also reconsidered the value of using aluminium for high speed applications and has 
recently commissioned a 127 metre aluminium trimaran, the Littoral Combat Ship (LCS).
Primary hull girder bending becomes an increasingly important strength criteria for these 
larger class vessels. 
Maximum longitudinal hull girder bending usually occurs in the midbody region of a 
vessel, and imparts in plane forces on the panel elements making up the hull girder. The 
response of these panels to uni axial compressive or tensile loading is important both in order
to assess the local strength of the element and also its contribution to the overall strength of 
the girder. In particular, the response of the panels to compressive forces, which cause 
collapse due to buckling instabilities, is an important aspect to address. Overall hull girder 
strength assessment methodologies, such as the progressive collapse method, have been 
developed for steel vessel structures and require explicit characterisation of the load 
shortening behaviour of beam-column type elements making up the hull girder.
The progressive collapse method makes a number of assumptions about the hull girder, in 
particular the assumption that transverse stiffeners are much stronger than longitudinals and
that the longitudinally oriented beam-column units fail in an interframe manner. Failure 
modes involving overall collapse of the panel are not accounted for; either interframe panel 
failure, where a number of beam-columns fail as one unit, or in overall panel failure, where 
the entire cross structure buckles between supporting transverse bulkheads, for example.  This 
has been seen as a valid assumption for steel vessels, where overall buckling is unlikely to 
occur except in lightly stiffened panels such as superstructure decks, which do not contribute
to the strength of the hull girder (Smith 1991). However, the lighter scantlings expected in 
the deck and bottom structure of high speed vessels needs to be assessed for the possibility of 
overall collapse modes before an appropriate progressive collapse type analysis can be 
developed. 
2. ULTIMATE STRENGTH METHODS IN LIMIT STATE DESIGN
Limit state techniques are now an accepted method to aid in the development of an 
efficient structural design of the hull girder (Paik and Thayamballi 2003), maintaining 
adequate strength and minimising the hull structural weight. Limit state design has a 
significant advantage compared to more traditional allowable stress methods because it 
predicts the actual strength capacity of the hull structure, rather than limiting the working 
stress to a specific fraction of the material yield strength. Therefore the structure can be 
further optimised, increasing confidence in its safety whilst designing lighter and more 
efficient scantlings. Limit state design is usually coupled with a probabilistic approach to 
determine the adequacy of the hull throughout its lifetime; either through a simple assessment 
with the expected extreme loading during the vessels intended lifespan or through the 
employment of more advanced reliability based methods.
There are a set of limit state levels which may be investigated during the design or analysis 
of a vessel. Service limit states assess the loads required to locally damage the structure, but 
leaving it able to withstand further increases in load. An ultimate limit state defines the loads 
required to cause the overall collapse of the hull girder, allowing for various combinations of 
applied forces, resulting in catastrophic failure of the structure. Accurate numerical tools are 
required to predict the strength of the hull girder and to assess the forces at which service and 
ultimate limits are reached. A number of methods have been developed for application to steel 
ships, ranging in complexity from simple empirical formulae assessing the strength of 
individual structural elements to fully nonlinear analyses of the entire midship section of a 
hull girder. Three methods are discussed here: the progressive collapse method, idealised 
structural unit method and finite element method.
A simplified beam-column progressive collapse methodology, originally developed from 
the work of Caldwell and then Smith (Smith 1977), has been used in numerous ultimate 
strength analyses of steel hull ships (e.g. Gordo and Guedes Soares 1996). The progressive 
collapse method subdivides the midship longitudinal effective structure into elements, usually
comprising a plate with an attached stiffener. Each element is assigned an appropriate stress 
strain curve, which may be derived from empirical data generated in a parametric study or 
calculated directly using appropriate analytical methods. The resisting moment of each 
element to a specified incremental hull girder curvature applied to the midship section is then 
calculated and from this an overall hull girder bending strength curve can be constructed. The 
element data can also be used to assess service limit states for the structure before the ultimate 
strength is reached.
A similar procedure, known as the “idealised structural unit method” (ISUM), has also 
been developed, where the structure is broken into a number of sub units and the response is 
calculated in a more complex manner to that of the progressive collapse method (Paik and 
Thayamballi 2003). The ISUM method is in some ways more akin to a finite element 
approach, replacing simple discrete elements with super elements, thus reducing the 
subsequent complexity of the finite element problem (Collette 2005).
Complete nonlinear finite element (FE) analysis of the midbody region can also be used to 
assess the hull girder strength, usually by modelling structure between several transverse 
frames and then applying loads and suitable boundary conditions. However, even with the 
rapid increases in computing processor power, analyses are still computationally intensive and 
also require explicit definition of the geometric imperfections throughout the section to 
correctly capture structural behaviour and all possible failure modes. Examples of fully 
nonlinear finite element analysis completed on conventional steel cargo vessels, such as by 
Shu and Moan (2009), demonstrate the need for a finer mesh density than is often used in 
conventional FE analyses and explicit characterisation of all geometric and material 
imperfections throughout to correctly encapsulate the failure modes of the structural elements.
All of the methods described above have potential to be applied in the analysis of high 
speed aluminium hulls. However, at present there is no method specifically developed to 
assess the overall ultimate limit state of an aluminium ship, although the ISUM method has 
been applied to an aluminium catamaran (Paik 2005). Therefore a progressive collapse type 
method is considered at this time to be appropriate for development to enable the fast output 
of results and to limit the number of parameters required to make a realistic strength 
assessment. 
To be able to apply the established progressive collapse procedure to the longitudinal hull 
girder bending of an aluminium hull form, the method requires, at the most basic level, a set 
of beam-column load shortening curves covering the typical range of plate and column 
slenderness’ used in the midship scantlings of the vessel. The method therefore assumes that 
the girder fails interframe, and that overall panel collapse modes will not occur. However, the 
load shortening behaviour of aluminium structural elements has been shown to differ 
considerably from steel owing to their different material and imperfection characteristics, 
therefore requiring aluminium specific load shortening data (Benson 2009). Furthermore, the 
scantlings of high speed craft are typically much lighter than the scantlings of equivalent sized 
steel displacement vessels, and additional instability failure modes of the structural elements,
including overall collapse modes, may become significant
Therefore, a more detailed assessment of the behaviour of aluminium panels is required to 
provide suitable interframe load shortening curves and also demonstrates the validity of the
assumptions in the progressive collapse method. If overall grillage type panel buckling is a 
possible collapse mode for a particular structure then the progressive collapse method must be 
extended to account for all possible collapse modes. It is important to assess the interactions 
between adjacent stiffeners in a cross-framed panel and to determine when overall panel 
collapse may become a possible failure mode.
3. REPRESENTATION OF STIFFENED PANELS
3.1 Modelling Extent and Boundary Conditions
A representation of a stiffened panel structure using an FE approach needs to have an
efficient computation time but also to include adequate boundary conditions and features to 
correctly represent the entire panel. Because a stiffened deck has a regularly repeated 
arrangement, with stiffeners and transverses spaced at equal intervals, the extent of the mesh 
can be significantly reduced with suitable symmetry boundary conditions specified. If, as the 
progressive collapse method assumes, longitudinal panels collapse interframe, the 
characterisation of the panel can be simplified to a single stiffener simple beam-column type 
model, two forms of which are highlighted in Fig. 1. Beam-column type analyses assume that 
the behaviour of a single stiffener with attached plating in uni axial compression will replicate 
throughout the entire frame space. Thus the analysis can be confined to a single stiffener to 
determine the behaviour of the entire panel. 
Fig. 1a shows a single span interframe model, which is a commonly used representation of 
panels in FE analysis and physical experiments. For example, numerical analyses by Zha and 
Moan (2001) are used to compare with experimental single bay panel tests, where the panel 
ends are simply supported close to the neutral axis of the cross section and load is then 
applied at this position throughout the collapse test. Similar boundary conditions are applied 
in single bay aluminium panel tests carried out recently at Pusan University (Paik 2008). The 
boundary condition is replicated in FE models, and the numerical results generally show close 
correlation to the experiment. 
However, for the purposes of analysing the behaviour of a single bay as part of a multi-
frame grillage, this assumed simple support boundary condition is not appropriate, due in part 
to the difficulty in following the progressive shift of the neutral axis as the longitudinal 
stiffener and the included plate buckle, but also due to the presence of the supporting
transverse frame and continuous beam interactions between adjacent spans. In this regard, the
symmetry beam-column model (Fig. 1b) has a number of advantages. The model accounts for 
the restraining or destabilizing interaction between adjacent panel bays caused by the 
direction and magnitude of the buckling in each span, as well as the shift in the neutral axis of 
the panel and hence the shift in the line of action of the compressive load (Smith 1991). The 
model works equally well as a single stiffener beam-column or when extended to include 
multiple parallel stiffeners. 
(a) Interframe beam-column model (b) Symmetry beam-column model
Fig. 1. Modelling extent for beam-column models 
The boundary conditions of the symmetry beam-column model are an important aspect of 
the FE representation of the panel. The representation includes planes of symmetry on all four 
sides (Fig. 2a), effectively modelling a panel infinitely long and wide with repeating 
imperfections every alternate spacing. Although it is shown for illustrative purposes in the 
diagram, the frame is not required to be included explicitly in the model geometry, and is
instead represented using a simple support boundary condition on the plate, as shown in Fig.
2. Equivalent steel panel analyses by Smith (1991) use similar model boundary conditions.
The simple beam-column model of Fig. 2a prevents the nodes at the frame position from 
moving vertically out of plane, effectively neglecting any influence on the panel strength 
arising from flame deflections and preventing the occurrence of overall panel grillage collapse 
modes. Therefore, in order to assess the action of the transverse frame in influencing the 
collapse characteristics of the panel, the FEA model was extended by developing a number of 
multi stiffened panels, explicitly including the frame geometry and specifying a more realistic 
boundary condition at the frame ends. A representative grillage with 10 stiffeners and 6
frames was thus modelled with the boundary conditions as shown in Fig. 2b. In order to 
reduce overall solution time double model symmetry was employed, resulting in a quarter 
model with planes of symmetry on the two inner edges. The overall grillage is assumed to be 
simply supported at its outer edges, which are constrained against out of plane movement.
The frames are only held at the grillage edge, and can therefore deflect out of plane, thus 
allowing overall grillage collapse. 
(a) Single stiffener beam-column                                                

(b) Multi framed stiffened panel
Fig. 2. Model boundary conditions
3.2 Stiffener Dimensions and Panel Slenderness
For the parametric analyses presented in this study a plate breadth of 300mm is used 
throughout, which is considered typical of stiffener spacing in a high speed vessel midbody
section. The stiffener geometry is defined using standard long stalk navy tee section 
dimensions as defined by Smith (1991) and shown in Fig. 3. A ratio of stiffener area to total 
cross section area of 0.2 is used throughout (i.e. 80% of the total area is provided by the plate 
component). The same geometry ratios are used to define the transverse stiffeners in the 
grillage models. 
Fig. 3. Stiffener dimensions
Each panel is defined by two non dimensional quantities, which together can quantify the 
relative slenderness of the panel. The plating is defined by a plate slenderness ratio (!" and the 
plate-stiffener combination by a column slenderness ratio (#":
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where:
a Plate length between frames
b Plate breadth between stiffeners
t Plate thickness
r Radius of gyration of column cross section (inc. plate flange element)
$0 Yield or 0.2% offset stress. Where two different alloys are used, the 
stress is an average based on the relative cross section area of each alloy
E Material Young’s modulus
3.3 Finite Element Analysis Method
Abaqus nonlinear finite element analysis software has been used to model and numerically 
analyse the defined panels in uni-axial compression. The Riks form of the Newton-Raphson 
arc length method is applied as an incremental solution technique. The S4R finite element has 
been employed throughout the model mesh; S4R is a conventional four node shell element 
and can handle thick or thin plates as required.  
3.4 Geometric Imperfections
It is recognised that the compressive buckling strength capabilities of panels are 
significantly influenced by the presence of as-built geometric imperfections. The geometric 
imperfections of a stiffened panel are commonly split into three components: the plate out of 
plane imperfection (wopl), the stiffener vertical in plane column imperfection (woc) and the 
stiffener out of plane sideways imperfection (wos). Extensive measurements of imperfection 
components have been carried out for steel structures (e.g. Faulkner 1975) and more recently 
for marine grade aluminium panels (Paik 2008). Average imperfection levels are used in all 
the analyses detailed in this paper, with average imperfection amplitudes as defined by Paik:
twopl
21.0 !%  a002.0%ocw  a001.0%osw  (2)
A “square” sine wave shape was used to model the plate imperfection longitudinally, 
where imperfection lobes of length approximately equal to the breadth between stiffeners 
creates a shape equivalent to the primary buckling mode shape of the plate. A single sine 
wave shape is modelled transversely, with alternate direction lobes in adjacent bays. The 
square imperfection shape is considered to give conservative estimates of the plate strength 
compared to a “barrel” shaped imperfection which is more usual of plating imperfection 
found on an actual structure (Smith 1987). 
Column imperfection is modelled using a single sine wave shape over the stiffener length, 
with the imperfection direction alternating every adjacent frame. The stiffener imperfection 
amplitude in the direction of the stiffener is modelled four times larger than the imperfection 
in the plating direction, which is consistent with average imperfection measurements taken on 
steel vessels (Smith 1991). 
3.5 Material Properties
There are a number of certified marine grade aluminium alloys which are used in high 
speed craft ship construction. Two of the most common are 5083-H116, usually used for a 
vessel’s plating, and 6082-T6, which is more commonly used for extruded stiffener shapes. 
For the purposes of modelling the alloys in finite element analysis, a Ramberg-Osgood 
approximation is used to represent the nonlinear stress strain relationship of the aluminium 
alloys. Typical values of 0.2% proof stress and the curve knee factor are specified, as detailed 
in Table 1 and plotted in Fig. 4.
Table 1. Material properties. 
Material / 
Alloy
Yield / 0.2% 
Proof Stress
(MPa) 
HAZ reduction 
factor
HAZ Proof Stress
(MPa)
Ramberg Osgood 
knee factor, n
Young’s Modulus
(GPa)
Steel 324 N/A Elastic perfectly plastic 210
5083-H116 215 0.67 145 15 70
6082-T6 260 0.53 138 30 70
Fig. 4. Material stress strain curves for aluminium alloys 5083-H116 and 6082-T6 in the parent metal and in the 
heat affected zone.
A softened heat affected zone with width 25mm is specified along all joints between 
longitudinal stiffeners and attached plating, which is typical of a welded aluminium panel in 
the range of sizes considered in this study. A residual stress distribution is also included, with 
a tensile zone equal in width to the HAZ breadth and with a magnitude equal to the softened 
material proof stress, and an equilibrating compressive stress block modelled over the 
remaining plating and stiffener web area. The distribution of residual stresses across the plate-
stiffener cross section is illustrated in Fig. 5. The compressive residual stress in the plate ($pc)
and the stiffener ($sc) can be defined in terms of the reduced material proof stress of the plate 
($pt) and stiffener ($st) respectively: 
b
pt
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$
$
.50
% (3)
' "25
.25
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Where b is the plate breadth and hw is the stiffener height, with magnitudes as defined in 
Fig. 3. 
Fig. 5. Residual stress distribution
Comparative analyses found that the inclusion of transverse HAZ and residual stress had a 
negligible influence on the uni axial compressive strength of the panel. Therefore, to reduce 
the complexity of the modelling process in the parametric analyses, only the longitudinal 
softened zones were included. 
Equivalent steel panel analyses use an elastic perfectly plastic material model with a yield 
stress of 324MPa, Young’s modulus of 210GPa and with no softened HAZ but with tensile 
residual stresses in a 25mm zone at welded joints and equilibrating compressive stress with 
distribution as shown in Fig. 5.
4. RESULTS
4.1 Comparative Steel Panel Collapse Curves
A parametric series of load shortening curves were developed by the U.K. Admiralty 
Research Establishment (ARE) in a suitable form for implementation within a progressive 
collapse program (Smith 1991). In this programme a range of panels were analysed using an
in-house finite element package called FABSTRAN. To provide some validation of the finite 
element model and associated analyses used in the present study, a limited series of steel 
panel analyses were carried out employing the model definitions as described previously and 
compared to the beam-column collapse curves originally derived by the ARE. 
The FABSTRAN program models the stiffener element in the beam-column explicitly 
using a finite element mesh whilst the attached plating is represented implicitly with a plate 
load shortening curve that was derived from a combination of FEA and physical model tests,
mostly using square plates. These curves give approximately the same values of strength as 
defined by the Faulkner formula (Faulkner 1975). In contrast, the Abaqus FEA model
employed in this study includes an explicit characterisation of both the stiffener and the 
plating.
These model differences are reflected in the comparison of three column collapse curves, 
for ! = 1.5, 2.0 and 3.0, in Fig. 6. For all three cases tested the Abaqus models predicts a 
lower overall strength compared to the ARE curves, with the exception of the low column 
slenderness results (i.e. for relatively stocky panels), which give results close to the ARE 
curves. The differences in results are probably due in the most part to the different way the 
plating strength is represented in the two methods. 
Fig. 6. Steel panel column collapse curves, comparison of FEA results with curves by Clarke (1988)
4.2 Aluminium Beam-Column Collapse Curves
Analyses of the interframe panel strength of aluminium panels typical of high speed 
vessels were undertaken using two combinations of panel material:
) 5083-H116 plate and 5083-H116 tee bar stiffener (Fig. 7a)
) 5083-H116 plate and 6082-T6 tee bar stiffener (Fig. 7b)
The resulting set of column collapse curves are presented in Fig. 8. Additionally a
comparative plot of the curves for ! = 1.5, 2 and 3, showing the differences between the 
results for the two aluminium plate-stiffener combinations and the steel results as discussed 
previously, are given in Fig. 8a. Curves are fitted to the calculated data using polynomial 
regression.
The plots show that, in terms of non-dimensional ultimate strength, the aluminium panels 
behave similarly to the equivalent slenderness ratio steel panels. The panel with 5083 alloy in 
the plating and stiffeners shows a slightly lower strength in all cases, whilst the 5083 / 6082 
combination panel has a similar non-dimensional ultimate strength curve to the steel panel. 
For the low column slenderness together with high plate slenderness cases the column 
collapse curves diverge somewhat. It was found that these cases were sensitive to the plate 
imperfection shape, which has a significant impact on the plating strength and thus the overall 
column strength. 
The panel load shortening curves (Fig. 8b, c, d) show greater variation in their shape than 
the ultimate strength curve in Fig. 8a may initially suggest, particularly at low column 
slenderness values. The load shortening curves for panels with column slenderness of 0.4
(Fig. 8b) show significant differences in the peak strength and the post collapse region, with 
the steel panel generally showing a greater overall strength but steeper unloading compared to 
the aluminium panels. This is considered to be in part due to the elastic perfectly plastic 
assumption for the steel stress-strain curve, whereas aluminium maintains some additional 
strength after the proof strength has been passed. At higher column slenderness, where the 
collapse is more driven by buckling well below the yield/proof stress, the plots show similar 
unloading characteristics. The general shape of the load shortening plots, however, compare 
well with equivalent load shortening curves by Smith (1991).
(a)                                                                                 (b)
Fig. 7. Aluminium beam-column collapse curves
(a)                                                                                (b)
(c)                                                                               (d)
Fig. 8. Comparison of steel and aluminium column collapse curves (a) and load shortening curves (b), (c) and (d)
Overall the analyses indicate that, if interframe collapse is assumed, aluminium panels 
behave in a similar fashion to equivalent steel panels, although the overall strength is 
somewhat dependant on the combination of alloys used for plating and stiffeners. At low 
slenderness strength is also affected by the type of imperfections imposed in the plating. 
4.3 Multi Bay Panel Collapse Curves
A series of multi-frame panels were analysed with a range of transverse frame sizes, as 
detailed in Table 2a and for each frame geometry a small subset of panel sizes, as detailed in 
Table 2b. All the panels have a column slenderness of 0.4, equating to plate aspect ratios 
ranging between approximately 2 and 3. The panels were tested using the multi-frame model 
as shown in Fig. 2b, with 10 longitudinal and 6 transverse stiffeners crossing the panel. All
the aluminium panels are fabricated using 5083 plating and 6082 stiffeners. 
Table 2. Multi bay panel dimensions
(a)                                             (b)
The transverse frame sizes were selected to give a representative number of stiffeners, 
ranging from a relatively heavy tee bar stiffener (a), using the same dimensions as used in 
aluminium panel tests by the ARE (Clarke 1988) to a light, flat bar stiffener (d) which has 
lower weight than the longitudinal stiffening. Although this may be unlikely in a realistic 
design, it has been selected for comparative purposes. Frame c has the same dimensions as the 
corresponding longitudinals, with the exception of the web height which is raised to enable 
correct meshing in the FE model. 
The load shortening curves from the multi-panel tests together with the equivalent single 
bay beam-column (i.e. interframe) results are presented in Fig. 9. Some example FEA output 
plots of the deformed panel shape are given in Fig. 10, with the corresponding position of the 
output on the load shortening curves marked in Fig. 9. 
The multi bay aluminium panels all show identical behaviour to the beam-column results 
before the peak load is reached but significantly different behaviour in the post collapse 
region, generally demonstrating steeper unloading than the beam-column curves. As expected, 
the least differences are observed for the slender plate panels together with relatively stocky 
transverse framing (Fig. 9a), which show a similar peak load and only slightly reduced 
strength in post collapse. The panel shows a small degree of overall buckling, but 
predominantly fails by interframe failure of the stiffeners. With the plate slenderness ratio 
reduced to 2 (Fig. 9b), the peak strength is reduced and the panel then undergoes a “snap” 
type of unloading before continuing unloading with a similar curve gradient to the beam-
column results. The panel shows a significant degree of overall buckling (Fig. 10b) as well as 
interframe collapse in the frame space adjacent to the panel edge involving some stiffener 
induced failures. The stockiest plate (Fig. 9c) results show an even greater reduction in peak 
strength and a significant reduction in strength as the panel “snaps” into an overall buckled 
shape.
In general, results for panels with lighter transverse framing are as expected, with a
reduction in the overall strength compared to the heavier framed panels and a greater 
predominance of an overall buckling mode reducing the panel strength in the post collapse 
region of the load shortening curve. This is most apparent for panel Alu03 (Fig. 9c), where 
frame d is significantly lighter than the longitudinal stiffening and attached plating. The panel 
Frame ID Web Flange INA Weight
mm mm mm
4
kg/m
a 127 x 6.0 64 x 11.0 13.9 3.9
b 127 x 4.0 64 x 7.3 9.2 2.6
c Equal to longitudinal dimensions
d 90 x 4.0 none 2.9 1.0
Plate !* Web Flange #* Weight
mm mm mm kg/m
Alu01 547 x 5.7 3.0 70 x 3.4 30 x 6.3 0.4 1.1
Alu02 664 x 8.5 2.0 84x 4.1 36 x 7.6 0.4 1.6
Alu03 792 x11.3 1.5 99x 4.8 42 x 8.9 0.4 2.3
Steel 936 x 7.9 1.5 82 x 4.0 35 x 7.4 0.4 4.2
exhibits a predominant overall mode of buckling well before reaching the interframe panel 
strength, as would be expected. 
Load shortening curves for a stocky plated steel panel are shown in order to compare the 
aluminium results to equivalent steel panels (Fig. 9d). The steel load shortening curves show 
similar behaviour to the corresponding slender plate aluminium panel, with the panel failing 
predominantly in an interframe manner, as shown in Fig. 10d, although the von Mises stress 
pattern is somewhat different, with the panel failure seemingly more driven by plastic yield in 
the plating as opposed to stiffener failure. Results for steel panels with more slender plating 
were found to exhibit behaviour very close to the interframe beam-column results as 
presented in the previous section. Therefore, this preliminary comparison suggests that 
aluminium has a significantly increased likelihood of overall panel collapse modes compared 
to equivalent steel structure. 
(a)                (b)
(c)                (d)
Fig. 9. Load shortening curves for the multi frame models. Labels correspond to the frame dimensions given in 
Table 2a. Spot markers refer to the Abaqus output plots in Fig. 10. 
5. CONCLUSIONS
A series of nonlinear large deflection finite element analyses have been carried out on 
aluminium panels typical of high speed vessel deck or bottom structures, investigating their 
uniaxial in plane compressive strength assuming interframe and overall collapse modes. The 
results have been compared to equivalent steel panel analyses. 
(a)                (b)
(c)                (d)
Fig. 10. Example plots in the post collapse region for multi frame panels with frame b. Refer to Fig. 9 for the 
state of panels on their respective load shortening curves.
Panels were modeled assuming interframe collapse of the panel, with the frames
represented as a simple support constrained against out of plane movement. Comparisons of 
the non-dimensional ultimate strength of two different aluminium alloy panel constructions 
showed close correlation to equivalent steel column collapse curves. The load shortening 
curves also showed similar characteristics, although it was found that some variation occurred 
for panels with low column slenderness. In general, the shape of the curves are similar and 
also compare well to previous analyses of steel panels; the most significant variation is the 
relative magnitude of the peak ultimate strength. 
A set of multi-frame panels were also modeled to assess the influence of overall collapse 
modes on the ultimate strength characteristics of the overall panel. The results suggest that 
aluminium panels have a significantly increased possibility of overall collapse compared to 
equivalent steel panels. Furthermore, the onset of overall buckling modes has an adverse 
affect on the overall strength and post collapse behaviour of the panel. The results in this 
study cover a small subset of possible panel sizes and arrangements used in aluminium high 
speed craft. Furthermore, more extensive investigation into the influence and likelihood of 
overall buckling is required as part of the development a progressive hull girder bending
collapse methodology suitable for implementation on high speed aluminium hull forms. 
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